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Microalgae have presented themselves as a strong candidate to replace diminishing oil reserves as a source of
lipids for biofuels. Here we describe successful modifications of terrestrial plant lipid content which increase overall
lipid production or shift the balance of lipid production towards lipid varieties more useful for biofuel production.
Our discussion ranges from the biosynthetic pathways and rate limiting steps of triacylglycerol formation to
enzymes required for the formation of triacylglycerol containing exotic lipids. Secondarily, we discuss techniques
for genetic engineering and modification of various microalgae which can be combined with insights gained from
research in higher plants to aid in the creation of production strains of microalgae.
Introduction
In the past decade, the price of crude oil has ranged from
20 dollars a barrel to nearly 170 dollars a barrel. The vola-
tile price, expected depletion and increase in atmospheric
greenhouse gases due to oil combustion provide impetus
to develop alternative energy sources. Biofuels have served
as sources of energy from the beginning of human history,
but the start of the industrial revolution led to a reliance
on fossil energy due to its prevalence and high energy
yields compared to the majority of bioenergy [1]. Estab-
lishing energy independence in coordination with the
increasing costs for liquid fuels have renewed interest by
the government, industry and academia in renewable
liquid fuels to replace petroleum.
Biofuels can be solids, liquids or gasses so long as they
are derived directly from biological sources. The most
common solid biofuel is lignified cellulose (wood) that
can be burned for energy. Liquid and gaseous biofuels
generally require more refining, and include bioethanol,
biodiesel, and engine-combustible hydrocarbons as well
as methane from anaerobic digestion. The aforemen-
tioned liquid biofuels offer significant potential to aug-
ment or replace petroleum gasoline for transportation
purposes. Currently ethanol dominates the biofuel mar-
ket and may be produced by a variety of methods,
primarily heterotrophic fermentation of sugars purified
from biomass feedstocks [2]. Biodiesel, and other hydro-
treated biofuels, are derived mainly from vegetable oil
feedstocks (lipids) [3].
The lipids used for biofuels have important physiological
roles in plants, including energy storage, structural support
as membranes, and intercellular signaling [4]. Storage
lipids differ from both structural and signaling lipids in
that they are mainly composed of glycerol esters of fatty
acids, also known as triacylglycerol (TAG). These lipids
are generally stored in a compartment specialized for lipid
storage, the lipid body. This compartment is found in
most oleaginous plant cells, and is used to store a variety
of TAG molecules depending on the species [5]. Vascular
plants store large amounts of lipids in seeds, and provide
energy for growth during germination. The lipid content,
and fatty acid composition of oilseeds varies. Environmen-
tal changes or human manipulation, such as breeding or
genetic engineering have been used to change lipid con-
tent and composition [6]. Although less common, some
species like Simmondsia chinensis accumulate storage
lipids as waxes rather than as TAG. Regardless of the final
storage type, de novo fatty acid biosynthesis in plants
occurs exclusively in the stroma of plastids, whereas, with
the exception of plastidial desaturation and a few complex
lipid biosyntheses, most modifications of fatty acyl residues
and TAG synthesis from acyl chains are localized in the
lumen of the endoplasmic reticulum (ER) [6]. In addition
to TAGs, plants also contain membrane lipids. These,
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and quantity to maintain normal plant physiology.
Ethanol and biodiesel is primarily derived from plant
sources, often food crops, because the established scale of
food crops made them a convenient source of biomass
necessary to produce biofuel on a commercial scale.
However, an increasing demand for biofuel feedstocks
has negatively impacted food markets, and raised a global
“food vs. fuel” controversy. Furthermore, the land and
fresh water requirements for growing crops, and the long
growth-to-harvest periods limit the expansion of plant
based biofuel industries to the amount of arable land. In
contrast, unicellular algae require smaller amounts of
land that does not need to be arable, have faster growing
cycles, contain a higher percentage of oil, and have been
proposed to be a better solution to the food vs. fuel
debate. Therefore, significant attention has been focused
on algae as a next generation feedstock for biofuel pro-
duction [7]. It has been proposed that a fuel only based
approach to biodiesel production from algae is unlikely
to be feasible with current yields based on economic
modeling of production facilit i e s .A sar e s u l t ,a t t e n t i o n
must be paid to genetic manipulations in order to har-
n e s st h ea b i l i t yo fa l g a et om a k eh i g hq u a l i t yf u e l ,b u t
also potentially to serve as a factory for the production of
other value added products such as protein therapeutics
[8,9]. In light of this and studies on selection pressure for
photosynthetic efficiency in native vs. bioreactor environ-
ments, it seems genetic modification is likely to provide
the key to unlocking the feasibility of algal production
strains [10].
Several research papers and reviews have been published
presenting the recent progress in plant lipid biosynthesis
and related industrial applications [4,11-14]. In this review,
we discuss lipid biosynthesis and regulation in plants and
algae; the state of genetic manipulation in plants to modify
lipid biosynthesis; and the possible impacts of manipula-
tion on biodiesel production from algae and future studies.
Biosynthesis of Triacylglycerol (TAG) in Plants
A general scheme of plant TAG biosynthesis is broadly
discussed in the textbook “Plant Lipid Biosynthesis:
Fundamentals and Agricultural Application” and other
review articles, as shown in Figure 1. The TAG path-
way begins with the basic fatty acid precursor, acetyl-
CoA, and continues through fatty acid biosynthesis,
complex lipid assembly, and saturated fatty acid modi-
fication, until finally reaching TAG formation and sto-
rage [15].
The fatty acid synthase (FAS) complex residing in plant
chroloplasts is a major player in de novo fatty acid synth-
esis [16]. Completion of de novo fatty acid synthesis is
accomplished in one of three ways [4,6]. Either the newly
synthesized fatty acid is hydrolysed by a thioesterase,
further modified by desaturases, or directly transferred to
complex lipid formation (’prokaryotic lipid’) using plastid
acyltransferases. After release from plastids, free fatty
acids are exported to the cytosol by an unknown
mechanism and converted to acyl-CoA esters by an acyl-
CoA synthetase located in the outer envelope of the plas-
tid [17,18]. The cytosolic acyl-CoA esters are then trans-
ferred to the ER for further elongation, modification, or
participation in the synthesis of membrane lipids or sto-
rage TAGs (’eukaryotic lipid’).
Triacylglycerols (TAGs) are commonly found as storage
fats or oils and are described as neutral or non-polar lipids,
differentiating them from polar membrane lipids. TAGs
consist of three FA chains esterified via the hydroxyl
groups of a glycerol backbone. Biosynthesis of TAGs
occurs in the plastids, mitochondria, and endomembrane
system. Although the substrates are commutable, each
compartment of the plant cell has an independent TAG
synthesis pathway. The Kennedy pathway is well under-
stood and one of the most straightforward TAG biosynth-
esis pathways; it consists of stepwise acylation, adding to
each hydroxyl group of glycerol beginning with glycerol-3-
phosphate [19]. Lipid bodies are single-layer, membrane-
wrapped, protein embedded organelles 0.2-2.5 μmi n
diameter and are in the cytoplasm of most, if not all, plant
cells [4,5]. It is generally believed that plant lipid bodies
are not only a cellular lipid reservoir, but also provide an
effective energy battery during seed germination. Plasto-
globules are lipid bodies found within plastids that contain
TAG, isoprenoid-derived metabolites, as well as proteins
[20].
Palmitate (16:0) and stearate (18:0) are the major pro-
ducts of plastid FAS. However, the major fatty acids of
plants are the C18 compounds, oleate (18:1Δ9), linoleate
(18:2Δ9, 12) and a-linolenate (18:3Δ9, 12, 15). Together,
these three fatty acids represent over 85% of total mem-
brane acids, and over 80% of economically important sto-
rage oils. There are other various fatty acids which contain
longer carbon-chains, unsaturated double bonds, hydroxyl
groups, and other modifications within the plant fatty acid
repertoire [21].
Fatty acid modification during plant lipid biosynthesis
is crucial for generating the fatty acid repertoire found in
plants. Fatty acids with 20 or more carbon atoms are
called very-long-chain fatty acids (VLCFAs). In plants,
V L C F A sa r eu b i q u i t o u si nl e a fs u r f a c e sa sw a x ,a n di n
cuticle components which play an important role against
xenobiotics. In Simmondsia chinensis seed, VLCFA is the
major component of energy storage in the form of liquid
wax consisting of chains 36 to 46 carbon atoms in length
[11,13]. The VLCFAs are precursors of very-long-chain
polyunsaturated fatty acids (VLC-PUFAs) which are
important in human nutrition and health [22]. However,
none of these VLC-PUFAs is normally produced in
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and algae, VLC-PUFAs are synthesized to confer flexibil-
ity, fluidity, and selective permeability to cellular mem-
branes in stringent environments [23].
Biosynthesis of Triacylglycerol (TAG) in Algae
A l g a ea r ead i v e r s eg r o u po fo r g a n i s m sw h i c hi n c l u d e s
prokaryotes and eukaryotes in the form of single cells,
colonized cells, and multicellular plants. Algae are
Figure 1 The general scheme of plant lipid biosynthetic pathway and representative chemical structures of petroleum diesel,
biodiesel, and ethanol. AT = acetyltransferase, MAT = malonyl-CoA acetyltransferase, ACP = acyl carrier protein, KAS = ketoacyl synthase, FAS =
fatty acid biosynthesis, KR = ketoreductase, DH = dehydratase, ER = enoyl reductase, GPDH = glycerol-3-phosphate dehydrogenase, GPAT =
glycerol-3-phosphate acyltransferase, LPAAT = lysophosphatidic acid acyltransferase, PAP = phosphatidic acid phosphatase, DAGAT =
diacylglycerol acyltransferase, ACS = acetyl-CoA synthetase, DGTA = diacylglyceryl hydroxymethyltrimethyl-b-alanine, CPT = carnitine palmitoyl
transferase, PDAT = phospholipid diacylglycerol acyltransferase, LPCAT = lysophosphatidylcholine acyltransferase.
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by their ability to fix carbon, and utilize solar energy.
Algae reside in a variety of ecosystems including marine
and freshwater environments, desert sands, hot springs,
and even snow and ice. To survive in these environ-
ments, algae produce a myriad of lipids. These include
structural lipids for cellular membranes, as well as lipids
for nutrient storage [24,25]. The two oil crises during
the 1970’s spurred a vigorous search for alternative
energy sources, as people began to address their growing
energy problem. From 1978 to 1996, the U.S. Depart-
ment of Energy’s Office of Fuels Development developed
the Aquatic Species Program (ASP) with a goal of devel-
oping renewable transportation fuels from algae. During
this program, systematic and fuel-directed algal oil
research evaluated the potential of algal oil as an energy
source. Although the program was terminated in 1996,
the preliminary results of the pioneering studies provide
a direction for later exploration in this field [26].
Over almost two decades of the ASP program, thou-
sands of algae strains were isolated and screened for their
lipid and fatty acid content. These data were combined
with previous sporadic results, and some generalizations
of lipid content in different algae categories were formed
[26-29]. For example, diatoms are among the most com-
mon and widely distributed groups of algae. They store
energy primarily in the form of lipids (TAGs) and the
average lipid content of oleaginous diatoms is 22.7% dry-
cell-weight (DCW) under normal growth conditions;
with that number rising to 44.6% DCW when cultured
under stress conditions [30]. However, the slower growth
rate caused by nutrient deficiency, along with the increas-
ing cost of silicate containing culture media hampers the
usage of diatoms as a robust biofuel feedstock.
Green algae, often referred to as chlorophytes, are highly
abundant and are estimated to number as many as 8,000
species. They are the most diverse group of algae, and
include unicellular, colonial, coccoid, filamentous, and
multicellular forms growing in a variety of habitats. Green
algae are believed to share a common ancestor with higher
plants, carrying the same photosynthetic pigments and
having similar metabolic mechanisms. Generally, these
algae use starch as their primary storage vehicle, however,
in some strains large quantities of TAG accumulate under
specific growing conditions. Oleaginous green algae
contain an average total lipid content of 25.5% DCW,
which can be raised to 55.2% DCW when the algae are
grown under stress conditions or heterotrophically [30,31].
Chlamydomonas reinhardtii has been treated as a model
organism for photosynthesis, and as a result has been stu-
died extensively, because of its giant chloroplast and ability
to control sexual reproduction, allowing detailed genetic
analysis [32]. Indeed, Chlamydomonas was also the first
alga to be genetically transformed and a draft sequence of
the whole genome has recently been determined [33].
Although it does not typically accumulate lipids under
ideal conditions, metabolic engineering can be used to
transform this alga into an oleaginous factory [34].
Algal lipid metabolism from de novo fatty acid bio-
synthesis to the formation of complex glycerolipids is
similar to that of the plant cells. Higher plants have dif-
ferentiated organs, each of which performs specific phy-
siological functions, and contains specific biochemical
pathways. Similarly to higher plants, algae process TAG
into lipid droplets which are coated in a large number of
proteins. Most of these are typical members of vesicular
transport and signaling pathways such as RabGTPases,
but a proteomics approach to algal lipid bodies has iden-
tified a protein called major lipid droplet protein (MLDP)
which affecs the size of lipid droplets and may present a
target for immunofluorescence imaging of algal lipid con-
tent [35]. Algae species, especially microalgae, have a
general biochemical composition of 30-50% DCW pro-
teins, 20-40% DCW carbohydrates and 8-15% DCW
lipids under optimal growth condition[36]. Most of the
algal lipids are glycerinated membrane lipids, with minor
contributions to overall lipid content from TAG, wax
esters, hydrocarbons, sterols, and prenyl derivatives
[30,36]. Under unfavorable growing conditions many
algae shift their metabolic pathways toward the biosynth-
esis of storage lipids or polysaccharides. TAG accumula-
tion in response to environmental stress likely occurs as
a means of providing an energy deposit that can be read-
ily catabolized in response to a more favorable environ-
ment to allow rapid growth [27]. Nutrients, temperature,
light, salinity and growing phase have been shown to
influence the flux of algal cellular metabolism [37].
S i n c em a n yo ft h ea l g a ll i p i dm e t a b o l i s ms t u d i e so n
environmental changes have been carried out in batch cul-
tures, there is a lack of systematic, multi-factor monitored
studies. This decreases the practicability of applying pre-
vious findings to large-scale algal cultures. During the
years of Aquatic Species Program, a ‘silver bullet’ was
sought; a single species which could produce high levels of
storage lipids without growth rate alteration. To maximize
lipid production and growth efficiency for industrial scale
culture, experiments with recombinant genetics and com-
plex culture conditions (multi-stage cultures, timed nutri-
ent limitations) may be required.
Engineering of Lipid Biosynthesis for the Production of
Biofuels
1. Advantages of Biodiesel
Petroleum diesel or petrodiesel is a mixture of saturated
and aromatic hydrocarbons with 10-15 carbon atoms and
is ignited in high-compression diesel engines. Most plant
oils (TAGs) are too viscous to use in modern diesel
engines, and eventually lead to engine failure caused by
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methyl) esters (fatty acid methyl ester, or FAME) made
by the transesterification of TAGs from vegetable oils or
animal fats, and has a similar viscosity to petrodiesel [38].
There are several advantages in addition to carbon neu-
trality when using biodiesel as a liquid fuel source. The
cetane number, a measure of the delay between compres-
sion and ignition, can be higher for biodiesel than regular
grade petrodiesel. This reflects the quality of the fuel and
a higher number is associated with shorter delays in igni-
tion, resulting in more complete combustion. Burning
biodiesel produces less carbon monoxide, particulate
matter, sulfur, and aromatic compounds than burning
petrodiesel. Furthermore, it has a higher flashpoint,
allowing safer handling and storage and greater lubricity
for engines than other fuels. It is made from renewable
biomass and is biodegradable and “friendlier” to the
environment than crude petroleum when fuel leakages
do occur. Currently only two major renewable liquid
fuels are produced in large quantities, bio-ethanol and
biodiesel. Biodiesel has 25% higher energy content per
volume, and requires much less energy input in produc-
tion than bio-ethanol, as no distillation step is necessary.
Additionally, ethanol has been shown to corrode pipe-
lines, likely shortening their lifetimes [39].
Despite the many advantages, and increasing market
share of biodiesel, there are limitations hindering its com-
plete replacement of petrodiesel [38]. Negative biodiesel
characteristics include poor cold-temperature properties,
namely the tendency to solidify or gel, which can lead to
fuel starvation and engine failure. The presence of polyun-
saturated fatty acids in biodiesel also makes it susceptible
to oxidation by atmospheric oxygen or hydrolytic degrada-
tion by water, which decrease the stability of biodiesel
during long-term storage. In addition, the emissions from
biodiesel contain a higher concentration of nitrogen oxide
(NOx) than do petrodiesel emissions, limiting its usage in
areas under strict air quality standards. One of biodiesel’s
biggest limitations is cost and supply. As mentioned
above, the use of oil crops for biodiesel production has
already increased the cost of these commodities, and
raised the ‘food vs. fuel’ debate. Although the oil supply
problem may be relieved by switching from food plant to
non-food plant feedstocks such as algae, the higher pro-
duction costs of algal oil along with the lack of successful
industry examples to date further hinders industry-scale
adoption of algae-derived biodiesel.
The four major sources of plant oil today are oil palm,
soybean, rapeseed, and sunflower, which together account
for approximately 79% of the world’s total production.
Within these oils, palmitate (16:0), stearate (18:0), oleate
(18:1Δ9), linoleate (18:2Δ9, 12), and a-linolenate (18:3Δ9,
12, 15) are the five main fatty acid components [14]. Unu-
sual fatty acids produced by specific plant species contain
unique functional groups giving them selective usages in
industry [4]. The fatty acid composition determines the
physical and chemical properties of the oil and its eco-
nomic value. Traditionally, simple methods like blending
or partial hydrogenation were applied to produce oils for
specific applications. As the accumulating knowledge of
plant lipid biosynthesis has been coupled with the devel-
opment of advanced genetic technologies, various meta-
bolic engineering methods have been performed to modify
the fatty acid and lipid composition of several oleaginous
plants [40-42].
2. Increasing Oil Content
Increasing oil content could be a straight-forward
method to lower the high cost of biodiesel production,
and may be applicable through genetic manipulation of
lipid biosynthetic pathways. Table 1 shows an outline of
genetic manipulations that have been performed in
higher plants and the resulting changes in fatty acid com-
position and content. It has been proposed that lipid
biosynthesis may be controlled by the availability of fatty
acids, and that the production of fatty acids is regulated
by acetyl CoA carboxylase (ACCase) [43,44]. Increasing
the activity of ACCase may push excess substrate, malo-
nyl-CoA, into the lipid biosynthesis pathway. Substan-
tially increasing plastidial ACCase activity may prove
quite complex due to the multigene-encoded enzyme
complex and its post-translational regulation [45]. A suc-
cessful example has been achieved by expressing a cyto-
solic version of the enzyme targeted to the rapeseed
chloroplast [46]. This manipulation resulted in a higher
ACCase activity and consequently a 5% increase in seed
oil content, a relatively modest increase.
Increasing malonyl-CoA substrate pools for de novo
fatty acid biosynthesis resulted in only minor increases
in seed oil yield. Fatty acid synthase has been suggested
to be another rate-limiting regulator of lipid production
and several studies have been performed where a single
enzyme of the FAS complex is overexpressed. Heterolo-
gous overexpression of KAS III, the first condensing
enzyme synthesizing 4C acyl chains, increased the pro-
portion of palmitic acid (16:0) but decreased the total
fatty acid content by 5-10% [47]. The accumulation of
butyryl-ACP suggests that KAS I is the next rate-limit-
ing enzyme. It seems unlikely that the up-regulation of
any single enzyme will have a major positive effect on
lipid biosynthetic flux. Multiple gene expression or acti-
vation of key regulators operating on the entire fatty
acid biosynthetic pathway may have a more substantial
effect on lipid production [48].
The second part of triacylglycerol biosynthesis is the
Kennedy pathway, which depends on levels of glycerol-3-
phosphate. Increasing the glycerol-3-phosphate levels in
developing seeds by overexpression of a yeast gene
encoding a cytosolic glycerol-3-phosphate dehydrogenase
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tent up to 40% in transgenic rape [49,50]. Other success-
ful examples increasing plant oil levels have come by
altering the acyltransferases of TAG biosynthesis. Arabi-
dopsis thaliana has been transformed with a soluble saf-
flower glycerol-3-phosphate acyltransferase (GPAT),
where the plastidial targeting sequence was removed, and
an Escherichia coli GPAT inserted. Seeds of both trans-
genic plants produced 10 to 21% more oil [51]. A yeast
sn-2 acyltransferase gene (SLC1-1) was introduced into a
high erucic acid (22:1Δ9)-containing Brassica napus. The
resulting transgenic strain showed a substantial increase
in seed oil content and an increase in the proportion of
erucic acid [52]. The transgenic strain was later tested in
the field, and exhibited a 53-121% increase in total erucic
acid yield (weight/plot) [53].O v e r e x p r e s s i o no ft h eA r a -
bidopsis DGAT1 gene in the wild-type strain led to
increased seed oil deposition and average seed weight
[54]. A functional DGAT homologue, the DGAT2 gene
from the oleaginous fungus Mortieralla rammanniana
was overexpressed in soybean, and resulted in small but
significant increases in seed oil content in both green-
house and field tests [55].
Together, these studies indicate that increased metabolic
flux towards oil production may be achieved by manipula-
tions targeted at later steps in the TAG biosynthetic path-
way. A reasonable explanation is that the consequences of
activating early biosynthetic steps may be slowed by later
rate-limiting steps, and excess intermediate products may
be utilized by other metabolic pathways sharing the same
intermediates of TAG biosynthesis. Metabolic modeling
networks that simulate flux of fatty acids through TAG
biosynthetic pathways should play an important part in
developing strategies for future genetic manipulation.
Actual values of the engineering results need to be prop-
erly calculated for whole organisms and total production
costs, not just the oil itself. For example, increasing oil
content of soybean usually comes at the expense of the
reduction of high-value protein content used for animal
feed. Rigorous field testing is necessary to determine
whether oil content increases are reflected in an increased
oil yield per hectare per year. These tests must prove that
strains with lipid content increases are economically viable
compared to elite, high-yield commercial varieties.
3. Changing the Fatty Acid Composition of Oil
Beyond base supply, biodiesel has other limitations hin-
dering its market competitiveness. The fuel properties of
biodiesel are closely related to its fatty acid composition.
Altering the fatty acid profile, for example the carbon
chain length and number of double bonds, can lead to a
better-quality, inexpensive biodiesel. The presence of
methyl ester with saturated acyl chain longer than C12
significantly increases the cloud point of the biodiesel,
the temperature at which crystals form [56]. The methyl
esters derived from poly-unsaturated fatty acids are
prone to oxidation and the hydroperoxides formed will
Table 1 A list of genetic modifications to higher plants and their resulting changes in fatty acid content
Modification Organism Result Reference
Expression of a cytosolic variant of endogenous ACCase Brassica napus 5% increase in seed oil content [40]
Expression of KASIII from Spinacia oleracea Brassica napus Increased palmitic acid proportion, decreased total
fatty acids 5-10%
[41]
Saccharomyces cerevisiae G3p dehydrogenase (gpd1)expression Brassica napus 40% increase in seed oil content [43]
Carthamus tinctorius G3p acyltransferase (GPAT) expression Arabidopsis
thaliana
10-21% increase in seed oil content [45]
Saccharomyces cerevisiae sn-2 acyltransferase (SLC1-1) expression Brassica napus 53-121% increase in erucic acid content [47]
Arabidopsis thaliana diacylglycerol acyltransferase (DGAT1)
expression
Brassica napus Increases in oil content and seed weight [48]
Down regulation of FAD2 desaturase and FatB hydrolase Glycine max 85% increase in oleic acid levels [53-55]
Expression of Coriandrum sativum Δ4palmitoyl ACP desaturase Nicotiana
tabacum
< 10% of total fatty acid became palmitoleic acid [56]
Expression of Thunbergia alata Δ6 ACP desaturase Arabidopsis
thaliana
< 10% of total fatty acid became palmitoleic acid [57]
Expression of Umbellularia californica lauryl-ACP thioesterase Arabidopsis
thaliana
24% of total fatty acid converted to laurate [66]
Expression of Umbellularia californica lauryl-ACP thioesterase Brassica napus 58% of total fatty acid converted to laurate [67]
Expression of Cuphea hookeriana FatB1 thioesterase Brassica napus Fatty acid content changed to 11% caprylate and
27% caprate
[68]
Co-expression of Cuphea hookeriana FatB1 thioesterase and KAS
(ketoacyl ACP synthase)
Brassica napus 30-40% increase in short chain fatty acid content
over FatB1 expression only
[69]
Co-expression of Cuphea hookeriana FatB1 thioesterase and
LPAAT from Cocos nucifera
Brassica napus 67% of total fatty acid content converted to laurate [70]
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able of interfering with engine performance [57]. Highly
saturated and longer carbon chain esters have lower NOx
emissions relative to shorter, less conjugated chains [58].
In addition, biodiesel ignition quality is adversely effected
by an increase in the number of double bonds [38].
When requirements for biodiesel quality are viewed
together, it is clear no single fatty acid methyl ester
(FAME) could fulfill every parameter. However, a balance
of different fatty acids containing higher amounts of
mono-unsaturated fatty acids such as oleate (18:1Δ9),
and fewer saturated and polyunsaturated fatty acids
would yield a more reliable biodiesel [59].
Increasing the contents of monoenoic fatty acids Most
polyunsaturated fatty acids in storage lipids are derived
from oleic acid by the catalysis of FAD2 (ω6) homologues.
Therefore, down-regulation of the ER membrane-bound
fatty acid desaturases should result in an increased percen-
tage of oleic acid present, relative to total fatty acid con-
tent. Several experiments have successfully enhanced the
oleate concentration in various oleaginous plants [60-62].
Down-regulating FAD2 and FatB, which hydrolyzes the
saturated acyl-ACP, further increases oleic acid levels in
transgenic soybean to over 85%, with saturated fatty acid
levels at less than 6%. In addition to oleic acid, other unu-
sual monoenoic fatty acids from plants have potential for
biodiesel production. Introduction of a coriander Δ4p a l -
mitoyl (16:0)-ACP desaturase, or a Thunbergia Δ6 palmi-
toyl-ACP desaturase into tobacco callus and Arabidopsis
seed, respectively, resulted in less than a 10% accumula-
tion of these non-native unusual fatty acids and their deri-
vatives [63,64]. Similar experiments have been performed
in Arabidopsis and Brassica napus where Δ9 palmitoyl-
ACP desaturase from Uncaria tomentosa was introduced.
Significant increases in palmitoleic acid (16:1Δ9) and its
derivatives were found in both transgenic plants, although
the proportion of palmitoleic acid to total fatty acid con-
tent was much lower than the original Uncaria tomentosa
(80%) [65]. The reason for the low levels of unusual mono-
ene production in non-native plants may be lack of corre-
sponding ACP, ferredoxin, 3-ketoacyl-ACP synthase,
thioesterase, and acyltransferase present in the original
strains [64,66]. Since fatty acid desaturases are highly con-
served in their structure and amino acid sequences, several
chimeric enzymes have been generated and shown to have
broader substrate specificity [67,68]. These engineered
desaturases may be more effective when designing trans-
genic plants to produce large amounts of monoenoic fatty
acids [69].
Engineering of fatty acid chain length As mentioned
previously, fatty acyl chain length is another important
factor that influences the viscosity and cold flow proper-
ties of biodiesel [38]. Short- to medium-chain fatty acids
(C8-C14) have lower viscosity and higher cloud points
than common long-chain fatty acids (C16-C18).
Although cold-flow properties are superior, cetane num-
bers are lower, and overall NOx emissions higher for
shorter chain fatty acids. However, increasing their pro-
portion in market-available biodiesel still leads to better
quality, more competitive fuel in terms of combustion
performance.
Commercial oils from palm kernel and coconut oil con-
tain > 40% of total fatty acids in the form of lauric acid
(12:0). Plants that accumulate short- to medium-chain (C8
to C14) fatty acids in seed oil contain chain-length-specific
acyl-ACP thioesterases that cleave the corresponding fatty
acids from the growing acyl-ACP of de novo fatty acid bio-
synthesis [70]. For example, Umbellularia californica and
Cuphea hookeriana seeds accumulate up to 90% short-
and medium-chain saturated fatty acids in triacylglycerols.
The chain-length-specific acyl-ACP thioesterases were
identified in both species as the cause of the unusual
accumulation [71,72]. The expression of a lauryl-ACP
thioesterase from Umbellularia californica in the seeds of
non-laurate-accumulating plants, Arabidopsis and Brassica
napus (rapeseed), resulted in laurate quantities as large as
24 and 58% of total seed fatty acids, respectively [73,74]. In
another transgenic experiment, a medium-chain thioester-
ase, Ch FatB1 from Cuphea hookeriana, which produces
50% caprylate (8:0) and 25% caprate (10:0) in their total
fatty acids, was introduced into rapeseed. The transgenic
rapeseed was found to accumulate up to 11% caprylate,
and 27% caprate [75]. The reasons for lower production of
short-chain fatty acids in transgenic hosts compared to
donor species were further investigated. A short-chain-
fatty-acid-specific condensing enzyme (3-ketoacyl-ACP
synthase, KAS) from Cuphea hookeriana was identified
and co-expressed with Ch FatB1 in rapeseeds. All double-
transgenic lines showed a 30-40% increase in the levels of
short-chain fatty acids compared to the Ch FatB1 single-
transgene rapeseeds [76]. Additionally, structural analysis
of TAG from the plants containing inserted medium-
chain acyl-ACP thioesterase revealed that laurate was only
present at sn-1 and sn-3 positions [74]. The high specifi-
city of lysophosphatidic acid acyltransferase (LPAAT)
from the hosts prevented laurate from being incorporated
at the sn-2 position of TAG. Co-expression of a laurate-
specific coconut LPAAT into rapeseed containing the
Umbellularia californica thioesterase resulted in further
increases in laurate levels, up to 67% of the total fatty acid
content [77]. Another lesson learned from the study of
laurate-producing transgenic plants was the importance of
enzymes for lauryl-CoA b-oxidation, malate dehydrogen-
ase, and isocitrate lyase, all of which participate in the
glyoxylate cycle for fatty acid carbon reutilization. These
genes were induced with increasing levels of the lauric
acid [78]. Obtaining significant amounts of short-chain
fatty acids in TAG may require the engineering of multiple
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and thioesterase, as well as short-chain-specific acyltrans-
ferases, which assemble the novel fatty acids into TAG.
Production of unusual fatty acids in transgenic hosts can
induce antagonistic pathways reducing the effects of
genetic manipulation, which must be addressed to maxi-
mize production efficiency.
Recently, direct use of low-molecular-weight TAG as
fuel has been discussed and studied [59,79]. The lower
cost of TAG fuels on the transesterfication and purifica-
tion of FAMEs greatly enhances the market potential of
such biodiesels. Seed oil containing 40% of caprylate (8:0)
and 37% caprate (10:0) in total fatty acids from a mutant
Cuphea viscosissimal had a coking index (a measure of
engine carbon deposition) comparable to that of No. 2 die-
sel used by on road vehicles in the US, albeit with the pro-
blem of poor low-temperature viscosity [80,81]. Another
interesting study involves the 1,2-diacyl-3-acetyl-sn-glycer-
ols (ac-TAG) from the seeds of Euonymus alatus (Burning
Bush). This acetyl TAG has a lower viscosity than com-
mon TAGs, and the potential to be used directly as biodie-
sel [59]. This specific acetyl DAGAT has been isolated
from Euonymus alatus, and data on the oil properties of
transgenic plants are much anticipated [82].
4. Manipulation of Algal Lipid Metabolism Using Genetic
Engineering
During the years of ASP (Aquatic Species Program), an
extra-copy of the monomeric ACCase gene was intro-
duced into the genome of the diatom Cyclotella cryptica,
in an attempt to increase lipid accumulation in the trans-
formed strains [83]. Unfortunately, a two to three-fold
higher ACCase activity in the transformed algae did not
result in any enhancement of lipid production [26]. A
major reason very few positive engineering results have
been achieved in algae lipid metabolism is the lack of a
reliable nuclear transformation system like that used in
higher plants. A more promising method of genetic engi-
neering has been successfully established in the chloroplast
of Chlamydomonas reinhardtii [84]. However, as the
examples in vascular plants have shown, most of the criti-
cal enzymes controlling lipid biosynthesis and fatty acid
modification reside in the cytoplasm.
Several transformation techniques have been developed
to genetically engineer C. reinhardtii to express recombi-
nant proteins from both the chloroplast and nuclear
genomes. General transformation protocols such as elec-
troporation, particle bombardment, silicon carbide whis-
ker agitation, and even Agrobacterium tumefaciens have
been shown to transform a number of diverse microalgae
including both green and red algae, diatoms, and dinofla-
gellates [85-89]. Expression levels vary greatly depending
on a number of factors including auto-attenuation of
exogenous sequences, codon usage bias, GC content, and
proteasome mediated degradation [90]. Improvements in
nuclear expression of transgenes have been reported with
combined codon usage optimization, endogenous 5’/3’
UTRs, and inserting introns from endogenous genes
[91,92]. Transformation and expression research in
C. reinhardtii will likely translate to a better understand-
ing of microalgae gene silencing mechanisms and there-
fore more effective means to prevent transgene silencing
in a variety of microalgae species.
Transformation of the nuclear genome allows for indu-
cible gene expression, targeting to subcellular compart-
ments, and protein secretion [93]. Insertion typically
occurs via non-homologous recombination, though
homologous recombination is known to occur at a very
low frequency [94]. Optimizing homologous recombina-
tion conditions should allow for the directed knockout of
enzymes diverting carbon usage away from lipid produc-
tion, or for the directed replacement of lipid synthesizing
enzymes with more effective isozymes. High levels of
transgene expression can be selected for by using antibio-
tic resistance genes in combination with transgenic con-
structs. Addition of the ble gene to a transgenic construct
confers resistance to phleomycin and zeocin in a 1:1
drug:protein ratio and can be used to select for transfor-
mants with high expression levels [95].
Although the nuclear genome does not yet robustly
support protein production on a scale viable for harvest-
ing protein therapeutics such as antibodies, expression of
cytosolic enzymes or signaling proteins which promote
the production of storage lipids may reach high enough
activity levels to significantly alter the overall lipid profile
of the host microalgae. C. reinhardtii and the model
organism diatom Phaeodactylum tricornutum are known
to produce fatty acids under nitrogen starved conditions
and deletion of sta6 (involved in starch biosynthesis) in
C. reinhardtii significantly increased lipid production in
response to nitrogen starvation [34,96]. Endogenous
micro RNAs (miRNA) and RNAi machinery have been
shown to function and knock down gene expression in
C. reinhardtii, and furthermore selectable constructs for
artificially knocking down gene expression using RNAi
machinery have been developed, enabling a reverse
genetics approach to probing gene function [97-99].
High-throughput screening by insertional mutagenesis
could be followed up with an RNAi based approach to
investigate pathways for regulators of stress response,
which may yield a genetic mechanism to increase lipid
yield while minimizing growth arrest in large scale cul-
tures. RNAi of protein members of pathways involved in
lipid catabolism such as lipase and proteins of the beta
oxidation, glyoxylate, and gluconeogenesis may represent
important modifications which could increase overall
TAG content [100].
To date, there have been over 30 complete genome
sequences of algae determined, with still more unpublished
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tional characterization of homologous plant genes in hand,
we can more precisely determine the key regulators of algal
lipid biosynthesis in silico. Work has already started in this
field, including the first gene-expression profile of C. rein-
hardtii under hydrogen-producing conditions, which was
recently reported [102]. RNA-seq analysis of C. reinhardtii
under nitrogen depleted conditions revealed statistically
significant increases in several lipid biosynthesis genes
including KASI, FAT1, and DGAT and decreases in beta
oxidation genes such as LCS. Many of these genes were
expected to be upregulated in lipid producing conditions,
but more thorough bioinformatic analysis should yield new
targets for genetic manipulation. More genomic, proteomic
and metabolomic studies on algae lipid biosynthesis should
also be nearing completion. The idea of algal oils as a
potential biodiesel feedstock has been proposed and devel-
oped for years. The progresses in algal genetic engineering
technology should accelerate any steps taken in achieving
this goal.
Concluding Remarks
Renewable energy has become an important issue of
recent political campaigns, and an increase in usage with
less reliance on fossil energy will create substantial bene-
fits for the global environment, economy, and industry.
B i o f u e l sa r eo n eo ft h ef e wr e n e w a b l ee n e r g i e sp r o p o s e d
that have generated large public expectation as a real
possibility for one of the fuels of the future. The use and
production of plant oil as a source of biodiesel is expand-
ing annually. Decades of studies have provided a general
scheme of the plant lipid metabolism, and genetic engi-
neering methods have provided valuable data and several
field trials. However, more studies in organism-scale
metabolic regulation will be necessary to understand how
plants control their lipid biosynthetic pathways in
response to physiological and environmental conditions.
Elucidation of complex flux-control will hold great bene-
fits for future biofuel production.
Algae, the world’s largest group of photosynthetic
organisms, contribute a majority of the carbon fixation
on earth, turning greenhouse gases into carbohydrates
and lipids. Using algal oils as a biodiesel feedstock holds
major advantages in comparison to plant oils. Algal cul-
tures have long been studied, and already are used to
produce several important value-added products for the
agriculture and food industries, such as VLC-PUFA, car-
otenoids, and high-protein animal feeds. The carbohy-
drates and cellulosic cell wall of algae have the potential
to be hydrolyzed and fermented into bioethanol, further
increasing the utility of algae as a biofuel feedstock. Algae
cells can also be used to synthesize important eukaryotic
proteins or natural products for pharmaceutical applica-
tions. Further fundamental studies in algae metabolism
hold the possibility of making the algae cell a multi-use
feedstock and creating a true “green gold”.
Acknowledgements
This work was supported with funds from DOE DE-EE0003373 and a US Air
Force #FA9550-09-1-0336.
Author details
1Department of Chemistry & Biochemistry, University of California San Diego,
9500 Gilman Drive, La Jolla, CA 92093, USA.
2Division of Molecular Biology,
University of California San Diego, 9500 Gilman Drive, La Jolla, CA 92093,
USA.
3The San Diego Center for Algae Biotechnology, University of California
San Diego, 9500 Gilman Drive, La Jolla, CA 92093, USA.
Authors’ contributions
All authors contributed to the background research and writing of the
article, as well as the editing. In addition, all authors have read and
approved the final version of this manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 1 June 2011 Accepted: 2 November 2011
Published: 2 November 2011
References
1. Olsson L: Biofuels. New York: Springer; 2007.
2. Chiaramonti D: Bioethanol: role and production technologies, pp. 209-
251. In Improvement of Crop Plants for Industrial End Uses. Edited by: Ranalli
P. New York, NY: Springer; 2007:.
3. Gerpen JV: Biodiesel production, pp. 281-289. In Improvement of Crop
Plants for Industrial End Uses. Edited by: Ranalli P. New York, NY: Springer;
2007:.
4. Murphy DJ: Plant Lipids: Biology, Utilisation and Manipulation. Oxford,
UK: Blackwell Publishing Ltd; 2005.
5. Murphy DJ: The biogenesis and functions of lipid bodies in animals,
plants and microorganisms. Progress in Lipid Research 2001, 40(5):325-438.
6. Guschina IA, Harwood JL: Complex lipid biosynthesis and its
manipulation in plants, pp. 253-279. In Improvement of Crop Plants for
Industrial End Uses. Edited by: Ranalli P. New York, NY: Springer; 2007:.
7. Chisti Y: Biodiesel from microalgae. Biotechnology Advances 2007,
25(3):294-306.
8. Williams PJL, Laurens LML: Microalgae as biodiesel & biomass feedstocks:
Review & analysis of the biochemistry, energetics & economics. Energ
Environ Sci 2010, 3(5):554-590.
9. Greenwell HC, Laurens LML, Shields RJ, Lovitt RW, Flynn KJ: Placing
microalgae on the biofuels priority list: a review of the technological
challenges. J R Soc Interface 2010, 7(46):703-726.
10. Flynn KJ, Greenwell HC, Lovitt RW, Shields RJ: Selection for fitness at the
individual or population levels: Modelling effects of genetic
modifications in microalgae on productivity and environmental safety.
J Theor Biol 2010, 263(3):269-280.
11. Harwood JL: Plant Lipid Biosynthesis: Fundamentals and Agricultural
Application. Cambridge, UK: Cambridge University Press; 1998.
12. Slabas AR, Fawcett T: The biochemistry and molecular biology of plant
lipid biosynthesis. Plant Molecular Biology 1992, 19(1):169-191.
13. Harwood JL: Recent advances in the biosynthesis of plant fatty acids.
Biochimica et Biophysica Acta 1996, 1301(1-2):7-56.
14. Dyer JM, Stymne S, Green AG, Carlsson AS: High-value oils from plants.
Plant Journal 2008, 54(4):640-655.
15. Ohlrogge J, Browse J: Lipid biosynthesis. Plant Cell 1995, 7(7):957-970.
16. Harwood JL: Fatty acid metabolism. Annual Review of Plant Physiology and
Plant Molecular Biology 1988, 39:101-138.
17. Schnurr JA, Shockey JM, Boer G-Jd, Browse JA: Fatty acid export from the
chloroplast. Molecular characterization of a major plastidial acyl-
coenzyme A synthetase from Arabidopsis. Plant Physiology 2002,
129(4):1700-1709.
18. Koo AJK, Ohlrogge JB, Pollard M: On the export of fatty acids from the
chloroplast. Journal of Biological Chemistry 2004, 279(16):16101-16110.
Yu et al. Microbial Cell Factories 2011, 10:91
http://www.microbialcellfactories.com/content/10/1/91
Page 9 of 1119. Kennedy EP: Biosynthesis of Complex Lipids. Federation Proceedings of the
American Society of Experimental Biology 1961, 20(4):934-940.
20. Bréhélin C, Kessler F, van Wijk KJ: Plastoglobules: versatile lipoprotein
particles in plastids. TRENDS in Plant Science 2007, 12(6):260-266.
21. Aitzetmüllera K, Matthäusb B, Friedrichc H: A new database for seed oil
fatty acids - the database SOFA. European Journal of Lipid Science and
Technology 2003, 105(2):92-103.
22. Das UN: Essential fatty acids - A review. Current Pharmaceutical
Biotechnology 2006, 7(6):467-482.
23. Uttaro AD: Biosynthesis of polyunsaturated fatty acids in lower
eukaryotes. IUBMB Life 2006, 58(10):563-571.
24. Guschina IA, Harwood JL: Lipids and lipid metabolism in eukaryotic algae.
Progress in Lipid Research 2006, 45(2):160-186.
25. Thompson GAJ: Lipids and membrane function in green algae.
Biochimica et Biophysica Acta 1996, 1302(1):17-45.
26. Sheehan J, Dunahay T, Benemann J, Roessler P: A Look Back at the U.S.
Department of Energy’s Aquatic Species Program–Biodiesel from Algae.
Edited by: DOE: National Renewable Energy Laboratory 1998.
27. Harwood JL, Pettitt TP, Jones AL: Lipid metabolism. In Biochemistry of the
Algae and Cyanobacteria. Edited by: Rogers LJ, Gallon JR. Oxford, UK: Oxford
University Press; 1988:.
28. Ahlgren G, Gustafsson I-B, Boberg M: Fatty acid content and chemical
composition of freshwater microalgae. Journal of Phycology 1992,
28(1):37-50.
29. Basova MM: Fatty acid composition of lipids in microalgae. International
Journal on Algae 2005, 7(1):33-57.
30. Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, Seibert M, Darzins A:
Microalgal triacylglycerols as feedstocks for biofuel production:
perspectives and advances. Plant Journal 2008, 54(4):621-639.
31. Xu H, Miao X, Wu Q: High quality biodiesel production from a microalga
Chlorella protothecoides by heterotrophic growth in fermenters. J
Biotechnol 2006, 126(4):499-507.
32. Davies JP, Grossman AR: The use of Chlamydomonas (Chlorophyta:
Volvocales) as a model algal system for genome studies and the
elucidation of photosynthetic processes. Journal of Phycology 1998,
34(6):907-917.
33. Merchant SSabeeha, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ,
Witman GB, Terry A, Salamov A, Fritz-Laylin LK, Maréchal-Drouard L, et al:
The Chlamydomonas Genome Reveals the Evolution of Key Animal and
Plant Functions. Science 2007, 318(5848):245-250.
34. Wang ZT, Ullrich N, Joo S, Waffenschmidt S, Goodenough U: Algal lipid
bodies: stress induction, purification, and biochemical characterization in
wild-type and starchless Chlamydomonas reinhardtii. Eukaryot Cell 2009,
8(12):1856-1868.
35. Moellering ER, Benning C: RNA interference silencing of a major lipid
droplet protein affects lipid droplet size in Chlamydomonas reinhardtii.
Eukaryot Cell 2010, 9(1):97-106.
36. Hu Q: Environmental effects on cell composition. In Handbook of
Microalgal Culture: Biotechnology and Applied Phycology. Edited by:
Richmond A. Oxford, UK: Blackwell Science Ltd.; 2004:83-93.
37. Roessler PG: Environmental control of glycerolipid metabolism in
microalgae: commercial implications and future research directions.
Journal of Phycology 1990, 26(3):393-399.
38. Knothe G, Van Gerpen J, Krahl J: The Biodiesel Handbook. Champaign,
Illinois: AOCS Press; 2005.
39. Hill J, Nelson E, Tilman D, Polasky S, Tiffany D: Environmental, economic,
and energetic costs and benefits of biodiesel and ethanol biofuels.
Proceedings of the National Academy of Sciences of the United States of
America 2006, 103(30):11206-11210.
40. Töpfer R, Martini N, Schell J: Modification of Plant Lipid Synthesis. Science
1995, 268(5211):681-686.
41. Thelen JJ, Ohlrogge JB: Metabolic Engineering of Fatty Acid Biosynthesis
in Plants. Metabolic Engineering 2002, 4(1):12-21.
42. Napier JA: The production of unusual fatty acids in transgenic plants.
Annual Review of Plant Biology 2007, 58:295-319.
43. Bao X, Ohlrogge J: Supply of fatty acid is one limiting factor in the
accumulation of triacylglycerol in developing embryos. Plant Physiology
1999, 120(4):1057-1062.
44. Post-Beittenmiller D, Roughan G, Ohlrogge JB: Regulation of plant fatty
acid biosynthesis: Analysis of acyl-coenzyme A and acyl-acyl carrier
protein substrate pools in spinach and pea chloroplasts. Plant Physiology
1992, 100(2):923-930.
45. Nikolau BJ, Ohlrogge JB, Wurtele ES: Plant biotin-containing carboxylases.
Archives of Biochemistry and Biophysics 2003, 414(2):211-222.
46. Roesler K, Shintani D, Savage L, Boddupalli S, Ohlrogge J: Targeting of the
Arabidopsis homomeric acetyl-coenzyme A carboxylase to plastids of
rapeseeds. Plant Physiology 1997, 113(1):75-81.
47. Dehesh K, Tai H, Edwards P, Byrne J, Jaworski JG: Overexpression of 3-
ketoacyl-acyl-carrier protein synthase IIIs in plants reduces the rate of
lipid synthesis. Plant Physiology 2001, 125(2):1103-1114.
48. Ohlrogge JB, Jaworski JG: Regulation of fatty acid synthesis. Annual Review
of Plant Physiology and Plant Molecular Biology 1997, 48:109-136.
49. Vigeolas H, Geigenberger P: Increased levels of glycerol-3-phosphate lead
to a stimulation of flux into triacylglycerol synthesis after supplying
glycerol to developing seeds of Brassica napus L. in planta. Planta 2004,
219(5):827-835.
50. Vigeolas H, Waldeck P, Zank T, Geigenberger P: Increasing seed oil content
in oil-seed rape (Brassica napus L.) by over-expression of a yeast
glycerol-3-phosphate dehydrogenase under the control of a seed-
specific promoter. Plant Biotechnology Journal 2007, 5(3):431-441.
51. Jain RK, Coffey M, Lai K, Kumar A, MacKenzie SL: Enhancement of seed oil
content by expression of glycerol-3-phosphate acyltransferase genes.
Biochemical Society Transactions 2000, 28(6):958-961.
52. Zou J, Katavic V, Giblin EM, Barton DL, MacKenzie SL, Keller WA, Hu X,
Taylor DC: Modification of seed oil content and acyl composition in the
Brassicaceae by expression of a yeast sn-2 acyltransferase gene. Plant
Cell 1997, 9(6):909-923.
53. Taylor DC, Katavic V, Zou J, MacKenzie SL, Keller WA, An J, Friesen W,
Barton DL, Pedersen KK, Giblin EM, et al: Field testing of transgenic
rapeseed cv. Hero transformed with a yeast sn-2 acyltransferase results
in increased oil content, erucic acid content and seed yield. Molecular
Breeding 2002, 8(4):317-322.
54. Jako C, Kumar A, Wei Y, Zou J, Barton DL, Giblin EM, Covello PS, Taylor DC:
Seed-specific over-expression of an Arabidopsis cDNA encoding a
diacylglycerol acyltransferase enhances seed oil content and seed
weight. Plant Physiol 2001, 126(2):861-874.
55. Lardizabal KD, Thompson GA, Hawkins D: Diacylglycerol acyl transferase
proteins. In Official Gazette of the United States Patent and Trademark Office
Patents Edited by: Office TUSPaT. USA 2006.
56. Stournas S, Lois E, Serdari A: Effects of fatty acid derivatives on the
ignition quality and cold flow of diesel fuel. Journal of the American Oil
Chemists’ Society 1995, 72(4):433-437.
57. Knothe G, Dunn RO: Dependence of oil stability index of fatty
compounds on their structure and concentration and presence of
metals. Journal of the American Oil Chemists’ Society 2003, 80(10):1021-1026.
58. McCormick RL, Graboski MS, Alleman TL, Herring AM, Tyson KS: Impact of
biodiesel source material and chemical structure on emissions of criteria
pollutants from a heavy-duty engine. Environmental Science & Technology
2001, 35(9):1742-1747.
59. Durrett TP, Benning C, Ohlrogge J: Plant triacylglycerols as feedstocks for
the production of biofuels. Plant Journal 2008, 54(4):593-607.
60. Kinney AJ: Plants as industrial chemical factories - new oils from
genetically engineered soybeans. Fett-Lipid 1998, 100(4-5):173-176.
61. Chapman KD, Austin-Brown S, Sparace SA, Kinney AJ, Ripp KG, Pirtle IL,
Pirtle RM: Transgenic cotton plants with increased seed oleic acid
content. Journal of the American Oil Chemists’ Society 2001, 78(9):941-947.
62. Stoutjesdijk PA, Hurlestone C, Singh SP, Green AG: High-oleic acid
Australian Brassica napus and B. juncea varieties produced by co-
suppression of endogenous Δ12-desaturases. Biochemical Society
Transactions 2000, 28(6):938-940.
63. Cahoon EB, Shanklin J, Ohlrogge JB: Expression of a coriander desaturase
results in petroselinic acid production in transgenic tobacco. Proceedings
of the National Academy of Sciences of the United States of America 1992,
89(23):11184-11188.
64. Suh MC, Schultz DJ, Ohlrogge JB: What limits production of unusual
monoenoic fatty acids in transgenic plants? Planta 2002, 215(4):584-595.
65. Bondaruk M, Johnson S, Degafu A, Boora P, Bilodeau P, Morris J, Wiehler W,
Foroud N, Weselake R, Shah S: Expression of a cDNA encoding palmitoyl-
acyl carrier protein desaturase from cat’s claw (Doxantha unguis-cati L.)
in Arabidopsis thaliana and Brassiea napus leads to accumulation of
Yu et al. Microbial Cell Factories 2011, 10:91
http://www.microbialcellfactories.com/content/10/1/91
Page 10 of 11unusual unsaturated fatty acids and increased stearic acid content in
the seed oil. Plant Breeding 2007, 126(2):186-194.
66. Schultz DJ, Ohlrogge JB: Metabolic engineering of fatty acid biosynthesis.
In Lipid Biotechnology. Edited by: Kuo TM, Gardner HW. New York: Marcel
Dekker, Inc.; 2001:.
67. Cahoon EB, Lindqvist Y, Schneider G, Shanklin J: Redesign of soluble fatty
acid desaturases from plants for altered substrate specificity and double
bond position. Proceedings of the National Academy of Sciences of the
United States of America 1997, 94(10):4872-4877.
68. Cahoon EB, Shah S, Shanklin J, Browse J: A determinant of substrate
specificity predicted from the acyl-acyl carrier protein desaturase of
developing cat’s claw seed. Plant Physiology 1998, 117(2):593-598.
69. Cahoon EB, Shanklin J: Substrate-dependent mutant complementation to
select fatty acid desaturase variants for metabolic engineering of plant
seed oils. Proceedings of the National Academy of Sciences of the United
States of America 2000, 97(22):12350-12355.
70. Davies HM: Medium chain acyl-ACP hydrolysis activities of developing
oilseeds. Phytochemistry 1993, 33(6):1353-1356.
71. Pollard MR, Anderson L, Fan C, Hawkins DJ, Davies HM: A specific acyl-ACP
thioesterase implicated in medium-chain fatty acid production in
immature cotyledons of Umbellularia californica. Archives of Biochemistry
and Biophysics 1991, 284(2):306-312.
72. Graham SA, Knapp SJ: Cuphea: a new plant source of medium-chain fatty
acids. Critical Reviews in Food Science and Nutrition 1989, 28(2):139-174.
73. Voelker TA, Worrell AC, Anderson L, Bleibaum J, Fan C, Hawkins DJ,
Radke SE, Davies HM: Fatty acid biosynthesis redirected to medium
chains in transgenic oilseed plants. Science 1992, 257(5066):72-74.
74. Voelker TA, Hayes TR, Cranmer AM, Turner JC, Davies HM: Genetic
engineering of a quantitative trait: Metabolic and genetic parameters
influencing the accumulation of laurate in rapeseed. Plant Journal 1996,
9(2):229-241.
75. Dehesh K, Jones A, Knutzon DS, Voelker TA: Production of high levels of
8:0 and 10:0 fatty acids in transgenic canola by overexpression of Ch
FatB2, a thioesterase cDNA from Cuphea hookeriana. Plant Journal 1996,
9(2):167-172.
76. Dehesh K, Edwards P, Fillatti J, Slabaugh M, Byrne J: KAS IV: A 3-ketoacyl-
ACP synthase from Cuphea sp. is a medium chain specific condensing
enzyme. Plant Journal 1998, 15(3):383-390.
77. Knutzon DS, Hayes TR, Wyrick A, Xiong H, Davies HM, Voelker TA:
Lysophosphatidic acid acyltransferase from coconut endosperm
mediates the insertion of laurate at the sn-2 position of triacylglycerols
in lauric rapeseed oil and can increase total laurate levels. Plant
Physiology 1999, 120(3):739-746.
78. Eccleston VS, Ohlrogge JB: Expression of lauroyl-acyl carrier protein
thioesterase in Brassica napus seeds induces pathways for both fatty
acid oxidation and biosynthesis and implies a set point for
triacylglycerol accumulation. Plant Cell 1998, 10(4):613-621.
79. Goodrum JW, Eiteman MA: Physical properties of low molecular weight
triglycerides for the development of bio-diesel fuel models. Bioresource
Technology 1996, 56(1):55-60.
80. Geller DP, Goodrum JW, Campbell CC: Rapid screening of biologically
modified vegetable oils for fuel performance. Transactions of the ASAE
1999, 42(4):859-862.
81. Geller DP, Goodrum JW, Knapp SJ: Fuel properties of oil from genetically
altered Cuphea viscosissima. Industrial Crops and Products 1999, 9(2):85-91.
82. Milcamps A, Tumaney AW, Paddock T, Pan DA, Ohlrogge J, Pollard M:
Isolation of a gene encoding a 1,2-diacylglycerol-sn-acetyl-CoA
acetyltransferase from developing seeds of Euonymus alatus. Journal of
Biological Chemistry 2005, 280(7):5370-5377.
83. Dunahay TG, Jarvis EE, Dais SS, Roessler PG: Manipulation of microalgal
lipid production using genetic engineering. Applied Biochemistry and
Biotechnology 1996, , 57-58: (223-231).
84. Mayfield SP, Manuell AL, Chen S, Wu J, Tran M, Siefker D, Muto M, Marin-
Navarro J: Chlamydomonas reinhardtii chloroplasts as protein factories.
Current Opinion in Biotechnology 2007, 18(2):126-133.
85. Debuchy R, Purton S, Rochaix JD: The argininosuccinate lyase gene of
Chlamydomonas reinhardtii: an important tool for nuclear
transformation and for correlating the genetic and molecular maps of
the ARG7 locus. EMBO J 1989, 8(10):2803-2809.
86. tLaM DJ: Genetic transformation of dinoflagellates (Amphidinium and
Symbiodinium): expression of GUS in microalgae using heterologous
promoter constructs. Plant Journal 1998, , 13: 427-435.
87. Falciatore A, Casotti R, Leblanc C, Abrescia C, Bowler C: Transformation of
Nonselectable Reporter Genes in Marine Diatoms. Mar Biotechnol (NY)
1999, 1(3):239-251.
88. Hallmann A, Rappel A: Genetic engineering of the multicellular green
alga Volvox: a modified and multiplied bacterial antibiotic resistance
gene as a dominant selectable marker. Plant J 1999, 17(1):99-109.
89. Cheney DP MB, Stiller J: Agrobacterium-mediated genetic transformation
in the macroscopic red alga Porphyra yezoensis. Journal of Phycology
2001, 37(11).
90. León-Bañares R, González-Ballester D, Galván A, Fernández E: Transgenic
microalgae as green cell-factories. TRENDS in Biotechnology 2004,
22(1):45-52.
91. Kozminski KG, Diener DR, Rosenbaum JL: High level expression of
nonacetylatable alpha-tubulin in Chlamydomonas reinhardtii. Cell Motil
Cytoskeleton 1993, 25(2):158-170.
92. Lumbreras V, S D, Purton S: Efficient foreign gene expression in
Chlamydomonas reinhardtii mediated by an endogenous intron. The
Plant Journal 1998, , 14: 441-447.
93. Leon-Banares R, Gonzalez-Ballester D, Galvan A, Fernandez E: Transgenic
microalgae as green cell-factories. Trends Biotechnol 2004, 22(1):45-52.
94. Gumpel NJ, Rochaix JD, Purton S: Studies on homologous recombination
in the green alga Chlamydomonas reinhardtii. Curr Genet 1994, 26:
(5-6):438-442.
95. Stevens DR, Rochaix JD, Purton S: The bacterial phleomycin resistance
gene ble as a dominant selectable marker in Chlamydomonas. Mol Gen
Genet 1996, 251(1):23-30.
96. Yongmanitchai W, Ward OP: Growth of and omega-3 fatty acid
production by Phaeodactylum tricornutum under different culture
conditions. Appl Environ Microbiol 1991, 57(2):419-425.
97. Zhao T, Li G, Mi S, Li S, Hannon GJ, Wang XJ, Qi Y: A complex system of
small RNAs in the unicellular green alga Chlamydomonas reinhardtii.
Genes Dev 2007, 21(10):1190-1203.
98. Zhao T, Wang W, Bai X, Qi Y: Gene silencing by artificial microRNAs in
Chlamydomonas. Plant J 2008, 58(1):157-164.
99. Molnar A, Bassett A, Thuenemann E, Schwach F, Karkare S, Ossowski S,
Weigel D, Baulcombe D: Highly specific gene silencing by artificial
microRNAs in the unicellular alga Chlamydomonas reinhardtii. Plant J
2009, 58(1):165-174.
100. Graham IA: Seed storage oil mobilization. Annu Rev Plant Biol 2008,
59:115-142.
101. Grossman AR: Paths toward algal genomics. Plant Physiology 2005,
137(2):410-427.
102. Mus F, Dubini A, Seibert M, Posewitz MC, Grossman AR: Anaerobic
acclimation in Chlamydomonas reinhardtii - Anoxic gene expression,
hydrogenase induction, and metabolic pathways. Journal of Biological
Chemistry 2007, 282(35):25475-25486.
doi:10.1186/1475-2859-10-91
Cite this article as: Yu et al.: Modifications of the metabolic pathways of
lipid and triacylglycerol production in microalgae. Microbial Cell Factories
2011 10:91.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Yu et al. Microbial Cell Factories 2011, 10:91
http://www.microbialcellfactories.com/content/10/1/91
Page 11 of 11